Abstract
Introduction

33
Nowadays, floating structures are used by several industries, including oil & gas, renewables (wind, wave, 34 tidal), ports, and others, while the development and spread of many further concepts is envisaged to take 35 place in a near future [1] . In the case of offshore wind industry, several advantages in moving offshore wind 36 energy production towards deep waters can be exploited, including the availability of larger areas, stronger 37 and steadier winds, and the reduction of visual and acoustic impact. However, the development of such 38 concepts requires a significant amount of research in multiple areas of knowledge, including the development of reliable dynamic models, able to represent the coupled behaviour of the floating wind 40 turbines [2] [3] . While such models are usually implemented by means of numerical codes [4-5], 41 experimental activities play a crucial role for their validation, as well as for the system identification.
42
The experimental activities on floating offshore wind turbines may be classified in two groups, namely 43 small-scale and large-scale ones. Traditional small-scale activities (1:50-1:100) are carried out in controlled 44 environment such as wave tanks and ocean basins, where the desired wind-wave conditions can be 45 reproduced, to measure the dynamic response of the structure and to calibrate opportunely the numerical 46 codes [6] [7] [8] . Although the controlled environment allows to achieve very precise and reliable results, these 47 activities have some relevant disadvantages, namely high rental fees of the basins, limited duration of the 48 experiments, and limitations in representing all the relevant physical phenomena at scale level, which may 49 alter significantly the dynamic behaviour of the model with respect to the full-scale structure. On the 50 opposite side, large-scale activities (1:1-1:10) are carried out in open-sea and allow to represent all the 51 relevant features of the offshore wind turbines, including turbine-support interaction, mooring system and 52 grid connection, in relevant operational conditions [9] [10] [11] . Clearly, such projects are very expensive and 53 usually represent pilot activities, which are carried out by big companies and/or public bodies for 54 demonstration and commercial purposes, and whose results are rarely publicly available. 55
Literature review
56
Up to now, several small-scale and large-scale experimental activities have been conducted on spar support 57 structures for offshore wind turbines, aimed to prove the feasibility of the concept and validate the 58 corresponding numerical models. A full-scale prototype of a 2. Within this project, the OC3-Hywind spar buoy [14] was defined as the reference spar concept designed to 70 support the NREL-5MW reference offshore wind turbine [15] . Since then, this concept has been widely 71 used for experimental studies on offshore wind turbines, since Statoil's Hywind characteristics are not 72 released for public use. In 2011, a 1:128 scale model of the OC3-Hywind platform was tested by Shin [16] 
In Table 1 , Keulegan-Carpenter number K C and Reynolds number R e are defined as functions of the 157 maximum wave velocity v max , a characteristic wave period T, which is usually identified as the peak period 158 of the sea state, a characteristic length of the structure D, which is usually identified as its diameter, and 159 the water kinematic viscosity ν:
As Froude scale inevitably alters Reynolds number R e , several challenges arise in the scale representation of 163 the wind turbine and support hull. Since in this work only the parked rotor conditions will be investigated, a 164 detailed treatment of the scaling procedures regarding the wind turbine will not be further discussed, see 165 for example [30] [31] [32] . Regarding the hull, wave-structure interaction depends on the relative size of the 166 structure with respect to the wavelength. Morison's equation [33] can be adopted when the spar radius R is 167 smaller than 0.10L, being L a characteristic wave length, representative of the sea state [34] . According to 168 Jonkman, [14] , such a condition is fulfilled for all the most relevant operational and ultimate conditions of 169 the OC3-Hywind spar buoy, hence the unit wave force vector on the hull may be expressed as the following 170 function of the vertical distance z from still water level: Reynolds number scales with a factor equal to λ L 1.5 , hence condition (4) may be violated for smaller models, 180 resulting in scale effects due to the alteration of the hydrodynamic coefficients, which describe wave-181 structure interaction (see, or example references [36-37]).
182
Other challenges related with the scaling of floating structures concern the mass distribution of the 183 structure and the mooring system. It is almost impossible, indeed, to scale down exactly all the structural 184
properties, e.g. wall thickness, because manufacturing as well as strength requirements of the scale model 185 must be taken in due consideration. Hence, in general it shall be ensured that the scale model matches the 186 full-scale structure in terms of global properties such as mass, position of the centre of gravity, mass 187 moments of inertia and mooring linearized stiffness. Also in this case, the smaller is the model, the more 188 challenging is to fulfil these requirements. reported, respectively, in Table 2 and Table 3 , while some additional details on the design of the model are 197 described in Ref.
[23]. of the actual dynamic behaviour of spar floating supports for offshore wind turbines.
219
The mooring system of the model structure has been designed considering the irregular and inclined 220 seabed at the NOEL site, and the local harshest metocean conditions. It is based on the full-scale mooring 221 system design of UMaine-Hywind spar [38] , which is equivalent to OC3-Hywind but intended for a water 222 depth of 200 m instead of 320 m. This reference design, however, has been used only for defining the 223 shape of the mooring system, i.e. three 120°-spaced catenary lines, and the weight per unit length of each 224 line. Differently, the position of the anchors and the length of the lines have been set so as to match local 225 bathymetry and to ensure structure safety under local extreme conditions. Consequently, the resulting 226 mooring system of the model has longer mooring lines and smaller stiffness with respect to the full-scale 227
UMaine Hywind spar structure. Moreover, the model mooring system is asymmetric, due to the different 228 water depths of the sea-side and land-side anchors. The design of each line has been carried out through an 229 in-house quasi-static numerical code, based on the particularization of the catenary equation to inclined 230 seabed conditions. Let us consider a 2-D reference system Ax'z' in the plane of the catenary line, originating 231 in the anchor point A and pointing towards the structure (z' positive upwards). Then, the catenary equation 232 may be written as:
being F x' the horizontal tension of the line, w the weight per unit length and β A the inclination at the anchor 235 point. At the same time, in the local curvilineal system of the line Asn (s positive towards the structure), the 236 shape of the line may be expressed as:
The quasi-static shape and restoring force of each line has been obtained as a function of surge and sway 239 structure motions by combining equations (5-6) and the boundary conditions, i.e. the fixed position of the 240 anchor, the variable position of the structure and the length of the line. The resulting restoring forces of the 241 three lines for each structure configuration have been summed in the global 3-D reference system Gxyz, to 242 obtain the global restoring forces for the structure. The final design of the lines has been obtained through 243 a trial-and-error procedure to achieve the desired stiffness. The resulting characteristics of the mooring 244 system are reported in Table 4 , while Fig. 4-5 show the restoring forces as functions of the surge and sway 245 motions of the model. Although these forces are nonlinear, linearized surge and sway stiffness can be 246 defined as the tangent stiffness of the force-motion function in the equilibrium position. The corresponding 247 linearized behaviour is reported in Fig. 4 -5 too. In the installation phase, the yaw stiffness has been 248 enhanced through a delta connection of the mooring lines. The length of each side of the delta has been set 249 equal to about 10% of the corresponding line length, following the practical instructions of Quallen et al.
250 [39] . Additional details on the numerical model used for the design of the mooring system of the model 251 may be found in Ref. [23] . A picture of the mooring system taken after installation is shown in Fig. 6 . 
252
Measurement systems
264
The experimental activity has been carried out using two independent measurement systems.
265
The first measurement system is for wave data collection, and is made up of two fixed poles, installed close 266 to the spar model, in an undisturbed wave field. Each pole sustains an emerged ultrasonic probe, to 267 measure the time history of the wave surface elevation at a fixed point, and a submerged pressure 268 transducer, to measure the wave pressure time history at the same point, at an average depth of 0.78 m. 269
The four sensors have been synchronized and the correlation factor between ultrasonic probes and pressure transducers output has been estimated for each sea state, resulting generally greater than 0.85. 271
However, the ultrasonic probes experienced some temporary breakdown (about 28% of data), hence the 272 pressure transducers have been used for the estimations of the wave spectra, due to their greater 273 reliability. Significant wave height, wave spectrum and mean propagation direction for each sea state have 274 been obtained following the methods described in Ref.
[27]. Also, the tide variation of the sea level has 275 been calculated for each sea state.
276
The second system is devoted to the measure of the spar dynamic response, and is composed of a 277 differential global positioning system (DGPS), which returns the position of the structure with respect to a 278 fixed point on the land, and an Attitude and Heading Reference System (AHRS) inertial platform, which 279 measures the inclination of the platform with respect to the three axes.
280
The two measurements systems have been synchronized, and both have a sampling frequency of 10 Hz. platform. Then, the additional damping matrix has been calibrated in Section 3.2, using the experimental 292 data collected on the 1:30 model installed at NOEL. The hull has been represented through a "Point mass" 293 item (Table 3) , and the mesh includes 6735 diffracting elements (Fig. 7 ) and 104 line bodies, which are used 294 to include the viscous drag forces. The mooring system has been represented by three catenary lines on a 295 constant water depth of 200 m, sized so that linearized horizontal stiffness is equivalent to the value 296 reported in Table 4 for the structure installed at NOEL. Wave data collected include both wind-generated local sea states, swells and mixed sea states. The wind-307 generated sea states are useful for the representation of the scaled behaviour of OC3-Hywind in severe 308 wave conditions, while the other ones are important for the determination of the spar characteristics in the 309 frequency domain. The discrimination criterion adopted in Fig. 8 to distinguish wind-generated data is the 310 following:
being ψ* the narrow-bandedness parameter of the wave head of pressure spectrum defined as in Ref.
[27], 313 g the acceleration due to gravity and K min , K max two steepness parameter. The narrow-bandedness 314 parameter is obtained as the module of the minimum of the auto-covariance function of the wave pressure 315 time series, normalized to the maximum of the same function, and tends to unity as the spectrum tends to 316 be infinitely narrow. The first condition in (7) is hence aimed to exclude the mixed sea states, which are 317 relatively broad-banded. The second condition is instead aimed to exclude pure swells, whose steepness is 318 significantly lower than that of wind waves. The limit values of the steepness parameters used in (7) 
344
In total, 17 free decay tests have been conducted in heave, and 10 in roll/pitch (Fig. 9) . Equation (9) has 345 been fitted to the experimental data collected from all the free decay tests, obtaining the curves shown in 346 Fig. 10 and Fig. 11 , respectively. The resulting estimations in terms of natural frequencies and linear 347 damping coefficients are reported in Figure 10 -Fitting of Equation (9) to experimental data for the heave degree of freedom.
356
Figure 11 -Fitting of Equation (9) to experimental data for the roll degree of freedom. as those measured during the experiment (Fig. 8) .
359
379
The determination of experimental RAOs in open sea cannot be achieved as in ocean basins, where regular 380 waves and irregular sea states, with the desired broad-banded spectra, can be generated. Consequently, an 381 alternative method for the estimation of the RAOs has been developed and applied to the data collected 382 during the experimental activity, as described below. The relationship between a wave spectrum and the 383 corresponding structure response spectrum, in a given DOF u, is expressed by:
The inverse relationship of equation (13) would give a well-defined estimation of the RAO in the whole 386 frequency domain only when using white noise spectra as input. However, in practice, each sea state has a 387 limited energy content in the frequency domain, i.e. is narrow-banded. For this reason, only the portion of 388 the frequency domain with enough energy content (see Appendix) has been considered for the estimation 389 of experimental RAOs, depending on the wave spectrum of the sea state considered. Following these 390 considerations, each sea state provides information about the RAOs on a limited range of frequencies and a 391 global estimation of the RAOs over the whole frequency domain may be obtained only by averaging over 392
and putting together a sufficient number of data, each contributing to its own frequency range. The 393 expression used in this paper for the estimation of each of these contributions is:
being E u the motion response spectrum in the u th degree of freedom, k(ω) the wave number, d the water 396 depth, z PT the distance of the pressure transducer from the still water level, ω p the peak frequency of the 397 wave spectrum, and α a positive parameter smaller than unity. In the present study, the value chosen for 398 such parameter is α = 0.10 and the portion of the frequency domain considered for the estimation of the 399 RAOs is ω = (0.80 -4.10) rad/s at model scale (1:30), which corresponds to about ω = (0.15 -0.75) rad/s at 400 full scale (1:1). Both these values have been calibrated through a parametric analysis, which is described in 401 the Appendix. It should be noted that wave head of pressure spectra E η,ph have been used in equation (14) 402 instead of wave surface elevation ones E η . This is because it has been observed that pressure transducers 403 guarantee greater reliability with respect to ultrasonic probes. The attenuation factor, which depends on 404 the distance z PT of the pressure transducer from the still water level, has been then used to refer the 405 resulting RAO contributions to the wave surface elevation, as it is common practice in offshore engineering. coefficients are instead reported in Table 6 . (Table 5 ) and irregular wave tests (Table 6) are  429 consistent to each other, while small differences are observed with respect to the numerical predictions, 430 based on the model characteristics reported in Table 2 -3. In particular, the peak frequencies of numerical 431
426
RAOs are slightly larger than those observed experimentally and the difference is of about 2.5 % for heave 432 and of about 8.1 % for roll and pitch. This is probably due to the inevitable uncertainties introduced in the 433 computation of the mass and mass distribution of the model by multiple causes, including welding and 434 manufacturing procedures, use of non-structural elements such as sensor cables, marine growth and so on. 435
As a result, mass and mass moment of inertia reported in Table 3 are slightly underestimated, resulting in 436 the corresponding overestimation of the natural frequencies.
437
Linear damping coefficients estimated through irregular waves (Table 6 ) are instead smaller than those 438 estimated through free decay tests ( 
450
Another interesting consideration concerns the difference observed in roll-pitch linear damping coefficients 451 estimated through irregular waves (Table 6 ). Although the model presents some minor asymmetries due to 452 the mooring system and the on-board measurement station, the main cause for that is the directionality of 453 the sea states used for the estimation of the RAOs. Each sea state has indeed different mean propagation 454 directions, which are not uniformly distributed in the range (-40°; 0°), and directional spreading functions. 455
On the opposite side, the sea state used in the numerical model has a single propagation direction (-20°)  456 and no directional spread. In both cases, the dominant rotation of the model is pitch, since the mean 457 propagation direction is close to 0°, however this effect is mitigated in the experiment, where the variability 458 of the mean propagation direction and the directional spread cause an increase of roll motions and a 459 reduction of pitch ones. Consequently, the calibration of the model results in an overestimation of pitch 460 linear damping coefficient, since the directionality of the measured sea states acts as a fictitious additional 461 damping, and in an underestimation of the roll linear damping coefficient, for the opposite reason. The two 462 values obtained for the damping coefficients may be indeed seen as upper and lower bounds, respectively, 463 for pitch/roll linear damping of the spar support. In general, more accurate estimations can be obtained by 464 recording more data, which would allow a finer discretization of the measured wave directional range for 465 the calibration of the numerical model. Differently from roll and pitch, it should be also noted that 466 directionality has no effect in the heave RAO, since heave motion is not affected by wave propagation 467 direction, due to the axial symmetry of the structure.
468
The main drawback of the approach proposed is that no prediction concerning the model structure 469 behaviour could be made outside the envelope of the frequency ranges of the sea states considered (ω = 470 0.80 -4.10 rad/s), due to the scarcity of sea states with sufficient energy content at the corresponding 471 frequencies. Consequently, the dynamic identification of the model in surge, sway and yaw degrees of 472 freedom could not be realized through the experimental estimation of the RAOs. Nevertheless, some useful 473 considerations could be drawn from the spectral analysis of these motions. The power spectral densities 474 have been calculated for the whole set of 1281 records and the mean and top-third averaged surge and 475 sway spectra are shown in Fig. 15-16 , respectively. sea experimental activities on floating support structures for offshore wind turbines, which may overcome 512 some of the most relevant limitations of the traditional small-scale ones, namely the high costs, the 513 introduction of significant scale effects, and the limited duration of the experimental campaigns. Traditional 514 identification techniques, commonly adopted in wave tanks and ocean basins, could not be directly applied 515 to the interpretation of the experimental data, due to the non-controlled nature of the marine 516 environment, hence they have been opportunely modified to meet the requirements of the application 517 considered. 1281 5-minutes long sea states, including wind-generated waves, mixed sea states, and swells 518 have been measured, and they have been used to perform the dynamic identification of the model 519 considered, and to calibrate its numerical model, implemented in ANSYS AQWA. 
